AND CONCLUSIONS 1. Two neurons (001 and CDl) in the esophageal ganglion of the rock lobster are rhythmically active, producing bursts in phase with the esophageal rhythm. This rhythm is generated by oscillators located in the commissural ganglia, which are connected to the esophageal ganglia by the paired superior esophageal nerves (sons) and inferior esophageal nerves (ions).
INTRODUCTION
Although for many years it was thought that all neurons functioned in a digital manner, encoding the message in a series of action potentials, recent years have seen the discovery of more and more neurons that use analogue messages and thus function without spikes ( 14) . Digital functioning presents the advantage that spikes can be transferred over long distances without attenuation; analogue messages are useful where more accuracy and fine tuning in control are needed, but their properties limit the distances over which they can be transmitted. Thus, it is perhaps not surprising that most of the known nonspiking neurons are relatively small. These include certain retinal cells of vertebrates, granule cells involved in mammalian olfaction, many of the neurons involved in invertebrate vision, and many local interneurons in insects ( l-3; see Ref. 14 for review). In only a few instances has nonspiking transmission been shown to occur over long distances, such as 1 cm or more. This is the case for two sensory fibers, those of the crustacean stretch receptor (4, 17) and the barnacle photoreceptor (18) .
In the present paper we discuss a neuron that has both spiking and nonspiking fibers. This neuron, other aspects of whose functioning have already been described ( 10, 12) , is a motor neuron of the crustacean esophagus. It has four fibers, two traveling to each of a pair of bilateral ganglia via different pathways. On each side, one fiber functions as a conventional spiking fiber; the other functions without spikes. In the latter, information is transferred over long distances, between two ganglia, without spikes. It is then integrated at a central spike-initiating zone and exits as a digital message. Another neuron in the same ganglion is shown to have the same properties.
Such a mode of functioning presents several advantages to these neurons, the most important of which are that the information carried by the nonspiking fibers can include both excitation and inhibition and can be localized at the level of the cell body. In at least one of these neurons, ODl (esophageal dilator l), these advantages have direct implications for the functioning of the neuron. ODl is a neuron that has one spike-initiating zone near the cell body and two spike-initiating zones in two lateral ganglia. Previous studies have shown that the lateral spikeinitiating zones are influenced by the oscillators responsible for generating the esophageal rhythm (10, 12) and that these same oscillators can control the conduction of spikes generated by the soma spike-initiating zone as they pass through the commissural ganglia on their way to the muscles (13). It has never been clear, however, how the soma spike-initiating zone is controlled.
In the present paper we show how the nonspiking fibers of ODl serve to activate the soma spike-initiating zone and drive it with an esophageal rhythm.
MATERIALS AND METHODS
Experiments were conducted on the isolated esophageal nervous system of the rock lobster Jasus la/an&i, using standard intracellular and extracellular recording techniques. Details of the preparation and recording techniques are identical to those described in the preceding paper (13).
The neurons ODl and CD1 were identified, as previously described (ODl, Ref. 10; CD 1, Ref. 21) , visually by size (they are 2 of the 4 largest neurons in the esophageal ganglion, which contains only 12 neurons), and physiologically by their patterns of spontaneous activity and spikes recorded extracellularly in the nerves. In experiments in which synapses in the esophageal ganglion and at the junction of the superior esophageal nerves (sons) were blocked, these areas were desheathed and surrounded by a petroleum jelly barrier. A saline solution with the calcium replaced by magnesium and containing 12-24 mM CoClz (0 Ca2+ + Co2+ saline) was perfused into the resulting chamber. Cobalt at concentrations of 12, 20, and 24 mM gave similar results.
The conduction of spikes in the inferior esophageal nerves (ions) was blocked with an isotonic (750 mM) sucrose solution or with a solution of tetrodotoxin (TTX, Sigma) in saline. TTX was used at concentrations of 1 O-'-IO-' with no visible difference in results. These solutions were perfused over a desheathed portion of the nerve surrounded by petroleum jelly walls. All perfused solutions were adjusted (using NH@I-I for the sucrose solution) to pH 7.45, the pH of the normal lobster saline.
For anatomical studies, identified neurons were iontophoretically injected with either Co2' or lucifer yellow. The cobalt was allowed to migrate for up to 24 hr, at 4"C, then was precipitated as cobalt sulfide, intensified, and destained according to the techniques described by Pitman (16). To see more clearly the region near the cell body, the esophageal nerve (on) and the two ions were ligatured before injection with lucifer yellow. The neurons were injected according to the techniques of Stewart (20) for approximately 1 h, then immediately fixed and dehydrated. Lucifer yellowinjected neurons were examined and photographed in a fluorescent microscope (Leitz) through an H2 filter.
For electron microscopy, neurons were injected with cobalt and the tissue was briefly exposed to ammonium sulfide before fixation with a buffered formaldehyde-glutaraldehyde mixture adjusted to 1,400 mosmol. The tissue was postfixed with osmium. Thick sections intensified according to the techniques described by Hausen and WolburgBuchholz (6) were used to identify the injected neurons in thin sections for electron microscopy.
Morphological studies on Panulirus (8, 9) have considered the esophageal ganglion to be composed of two parts, an anterior and a posterior portion. In Jams, the esophageal nerve (on) that separates the two parts is long; and although the anterior portion is well defined, the posterior portion, where the on branches to give the two sons, is less so. The anterior portion is therefore referred to as the esophageal ganglion and the posterior portion simply as the son junction in the present paper,
RESULTS
This study was conducted primarily on the main esophageal dilator motor neuron, ODl, of the rock lobster Jams lalandii. This neuron, whose cell body is located in the unpaired esophageal ganglion, is known to have a number of interesting properties, foremost among these being the possession of three spike-initiating zones (a, b, c in Fig. 1A ) ( 10, 12 rhythm, which is generated in the two commissural ganglia, and takes the form of regular bursts, originating in each of the two ganglia in a pattern of alternation.
The spike-initiating zone in each commissural ganglion is driven by the corresponding esophageal oscillator and produces somatopetal spikes that invade the output branches of that side the cell body, and cross over to enter the output nerves of the other side. Such somatopetal activity can be seen in Fig.  1B as groups of bursts, each of which is followed by a slight hyperpolarization.
The esophageal rhythm itself, as seen in the superior esophageal nerve (son), is recorded in the lower trace. The first spikes in each burst on this nerve are somatopetal ODl spikes. Although the soma spike-initiating zone, which produces somatofugal spikes easily distinguishable in the cell body by their shape, is frequently silent, it can be driven by current injected intracellularly into the cell body. This normally results in activity such as that seen in Fig. lC , in which the somatofugal spikes are regularly interrupted by a series of somatopetal spikes, which are followed by a short silent period before the somatofugal spikes continue.
Activation of soma spike-initiating zone of ODI It has never been clear how the somatofugal spike-initiating zone is normally activated or even whether it is activated by any normal inputs. To look more closely at the control of the soma zone, without the confounding influence of the commissural zones, we cut the two sons, thus removing the somatopetal activity.
Under such circumstances, the characteristic high-frequency somatopetal bursts are no longer present, but ODl continues to be rhythmically activated in phase with the esophageal rhythm, and somatofugal spikes are frequently recorded ( Fig. 1 D, E) . The response of ODl varies depending on its level of depolarization, but can consist of either changes in membrane potential ( Fig. 1 D) or a series of spikes ( for these changes appears to contain both smooth excitatory and inhibitory components. Both components are apparent in the recording of Fig. 1 D. Here the membrane Dotential can be seen to increase during the course of an esophageal burst, frequently giving rise to a single somatofugal spike. The inhibitory component is obvious in the two bursts in which no spike occurs, where an abrupt decrease in membrane potential follows this rise. In Fig. lE , the inhibition is evident in the sudden long silent period toward the end of each esophageal burst recorded in the vlon. As the inhibition is released, the soma spike-initiating zone begins to fire again, with the rate of spiking increasing until it is interrupted by the inhibition associated with the next esophageal burst. Although we have not been able to reverse either of these effects by changing the membrane resting level, the excitatory effect can usually be enhanced by hyperpolarization and the inhibitory one by depolarization of the cell body. This suggests that the effect may be due to a chemical synapse and that such a synapse is electrically distant from the electrode in the cell body.
ODI morphology
In an effort to see if there were any morphological correlates of the soma spike-initiating zone or of possible sites for synaptic inputs to this zone, we intracellularly injected cobalt ions and lucifer yellow into ODl to study its morphology.
We saw no anatomical specializations that could be related to a spike-initiating zone, but did see several interesting morphological characteristics of the neuron, all of which were found consistently in the injected neurons.
First, in addition to its known son fibers, ODl has a large fiber in each ion ( Figs. 2A  and 3 ). These branches, like their counterparts in the son, are approximately 10 pm in diameter and 1 cm in length. They have been seen entering the commisural ganglia, but at this point the dye is too weak to see any structural details. The teardrop-shaped cell body is located on a small branch, which parts either from the branch in the esophageal nerve (on) or, more commonly, from one of the ion branches, as seen in Fig. 2A and B. Beyond this point, the ion fibers give off no other branches as they traverse the pathway to the commissural ganglia. In particular, they do not send a branch into the inner labral nerve (iln , Fig. 3) ; an ion ODl fiber can be seen passing the origin of the iln in Fig. 2C . Physiological recordings have demonstrated the existence of an iln branch of ODl, but latency measurements (to be discussed below) suggest that it branches from the son fibers, as shown in Fig. 3 .
Second, there appear to be no ramifications at the level of the cell body, but a number of small branches arise at the point at which the on fiber branches to give rise to an ODl fiber in each son (Fig. 20) . These structures were consistently seen in intensified cobalt-filled nerves. The dye never passed beyond the entrance of the commissural ganglia, so further morphological details of the son branches are unavailable.
ODI activation occurs via its ion branches
We can now postulate two hypotheses to account for the physiological observations that ODl is rhythmically activated with the esophageal rhythm even after the sons have been cut. First, this activation may take place via commissural neurons whose axons travel in the ions to synapse on ODl either in the esophageal ganglion or at the son junction, where such synapses might be correlated with the morphologically observed ramifications. The second possibility is that the effect takes place via the ODl fibers seen in the ions and does not require synaptic activity in the esophageal ganglion.
To differentiate between the two possibilities, we blocked synaptic activity in the esophageal ganglion and at the son junction ( Fig. 4A ) with 0 Ca2+ + Co'+ saline, after having cut the sons. A comparison of Fig.  4B and C, illustrating the activity of ODl and the esophageal rhythm when the esophageal ganglion were bathed in normal saline (Fig. 4B ) and in 0 Ca2+ + Co2+ saline (Fig.  4C) shows no discernible difference. In this recording the inhibitory effect is most ap- To ensure that the synapses were well blocked, we tested the efficacy of the synaptic block in two ways, In the experimental situation shown in Fig. 4 (with the exception that the sons were not cut), the synapses were blocked. Here an esophageal constrictor neuron, whose activity originates at the son junction and is synaptically driven by the esophageal oscillators, is recorded in the dorsal posterior esophageal nerve (dpon), 3. It exhibits a bursting pattern (Fig. 40) in normal saline; after 15 min in the 0 Ca2+ + Co2+ saline it has become completely tonic (Fig.  4E) . In contrast, the rhythmic activation of ODl (Fig. 4C ) continued even after 3 h in 0 Ca2+ + Co2' saline. In another experiment, which is not shown here, the somatofugal activity of ODl was increased by an electrical shock delivered to the inferior ventricular nerve (ivn). This effect rapidly disappeared in 0 Ca*' + Co'+, but the activation of ODl with the esophageal rhythm remained.
We can thus conclude that the ODl activation is not the result of chemical synapses in the region of the son junction or the esophageal ganglion, and that ODl is activated via its ion fibers.
ODl's ion branches function without spikes It was never possible to record the spike of ODl in the esophageal part of the ions (between the esophageal ganglion and iln) nor to provoke an antidromic spike by stimulating these nerves (compare Fig. 5B and C). The only ODl spike recorded in the ion was in the commissural half of the nerve (between the iln and commissural ganglion) and, as indicated by the delays in arrival time, belongs to an ODl axon that arises from the son branch and traverses the commissural ganglia to enter the iln via the ion (see Fig. 2 of Ref. 13). We were thus led to consider the possibility that the morphological visible ion fibers function without spikes. To test this possibility, we blocked the conduction of spikes in the ions with a sucrose solution. In the experiment shown in Fig. 5 , the on was cut in addition to the two sons. This eliminates any effects in the cell body that could derive from either the commissural spike-initiating zones or the region of observed ramifications at the son junction. In addition, the right ion was cut, leaving the left commissural ganglion as the only source of input and the left ion was the only pathway by which that input could reach the cell body of ODl l Figure 5D and E shows the esophageal rhythm generated by the left commissural oscillator, as recorded in the ion and the ventral lateral esophageal nerve (vlon), as well as the effects of this oscillator on the cell body of ODl at two levels of membrane polarization. Each esophageal burst in Fig. 5D generates two spikes in ODl; the underlying changes in the membrane potential are seen in Fig. 5E . Figure 5F , G, and H are recordings of ODl and the same nerves during perfusion of the intact ion with sucrose. The rhythm recorded in the vlon is similar to that under normal circumstances, but it can be seen that spikes arising from the commissural ganglia no longer cross the sucrose gap to arrive at electrode 2. However, ODl continues to be rhythmically activated (compare Fig. 5D, F and E, G) . Both the excitatory and inhibitory components remain, as can be seen in Fig. 5F and G, respectively. The inhibition is also evident in Fig. 5H , where it appears as interruptions in the train of spikes. In other experiments, which are not shown here, blocking the ion with TTX in concentrations between lo-' and 10B5 M also blocked ion spikes, but did not block the observed activation of ODl. Cutting the ions, however, immediately disrupted the activation of ODl in the absence of son input.
Thus, we conclude that the activation of the cell body of ODl occurs using information transferred through the ions without the intervention of spikes. Since it was previously shown (Fig. 4) that this activation is not due to synapses on ODl in the region of the esophageal ganglion, and since ODl has a fiber in each ion, we suggest that the rhythmical activation of the OD 1 soma takes place via its ion fibers, which function without spikes. Electron microscopical examination of the Pruperties of CD1 are analogous to those ion fibers of ODl, which do not support of ODI spikes, and its fiber in the on, whose spikes are readily recorded, showed no significant Interestingly, ODl is not the only neuron difference that might be correlated with the in the esophageal ganglion to possess these ability to transfer information without spikes. properties. Another large neuron, CDl, a motor neuron causing dilation of the cardiac sac ( 1 l), is remarkably similar in a number of aspects. The anatomy of CD1 is shown in Figs. 6 and 7. CD 1, like OD 1, possesses a large axon in each son. There are no apparent ramifications near the cell body (Fig.  6A ), but ramifications are evident at the son junction (Fig. 6B, C) . CD1 also possesses branches in both ions which, like those of ODl, have been seen entering the commissural ganglion. The two neurons are, however, easily distinguished by the presence of a branch of CDl, but not of ODl, in the stomatogastric nerve (stn). The son branches of CD1 lead to its branches in the dpon, which are not shared by ODl , and CD 1 does not appear to have branches in the other output nerves of the commissural ganglion, such as the iln and the ventral and anterior lateral esophageal nerves (vlon, alon).
Further, CD1 shares a number of physiological properties with ODl. It is not possible to record a CD 1 spike in the ion nor to provoke an antidromic spike in its soma by stimulating the ion. Although it is not known to innervate any esophageal muscles, CD1 is activated with the esophageal rhythm, whether the sons are intact or cut. Figure 8B shows such activation, with the sons cut, by the left esophageal oscillator, for both ODl and CDl. It can be seen that CD1 shares both the excitatory and inhibitory inputs of ODl. In Fig. 8C the esophageal and son junction synapses have been blocked by perfusion of 0 Ca*+ + Co2+ saline over the region indicated in Fig. 8A . This treatment does not disrupt the rhythmical activation of CD 1. Thus, the activation of CD 1 does not depend on synapses at this level. Finally, Fig. 8E and F show the effects of blocking spike conduction in the ions after the sons have been cut. As is the case for ODl, CD1 continues to fire one or several spikes with each esophageal burst, though conduction of spikes through the ions (trace 1 of Fig. 8E, F) is disrupted with sucrose (Fig. 8E ) or with TTX (Fig. 8F) . In addition to the activation with the bursts shown in Fig. 8F , several small oscillations of the membrane potential are seen. These were in fact the result of the activity of the esophageal oscillator in the right commissural ganglion, which was independently generating a separate and slower activity and producing weaker effects on CD 1.
Because of the extreme similarity between FIG. 6. Morphology of CDI as seen after lucifer yellow (A) and cobalt (B, C) injections; disposition of nerves is indicated in Fig. 7 . A: photographic montage showing the cell body and fibers in the on and the two ions. As is the case for ODl, these fibers are of similar diameter and the cell body is located on a short branch coming from one of the ion fibers. B: low-magnification view of the son junction region, showing the on axon branching to send an axon into the two sons and the stn. The enlargement of the on axon just before the branching is an artifact due to the intensification. the observed ion effects in ODl and CDI, we considered the possibility that the two neurons were synaptically connected in the esophageal ganglion, and the effect on one of them was thus indirect. Because the effects on both neurons continue when the esophageal ganglion is bathed in 0 Ca" + Co2+ saline, a chemical synapse can be ruled out, leaving only the possibility that they are electrically coupled. Figure 9 shows simultaneous recordings of the two neurons in which each in turn was depolarized and hyperpolarized.
In no case did this have any visible effect on the membrane potential of the other neuron Thus we conclude that the two neurons are not electrically coupled, and hence that the observed activation of both ODl and CD 1 takes place via their >own ion branches, all of which function without spikes.
DISCUSSION
Although one cannot prove absolutely the absence of a phenomenon, we feel that the evidence for the absence of spikes in the ion fibers of OD 1 and CD1 is convincing. First, it has never been possible to record an ODl or CD1 action potential in the esophageal portion (between the iln and esophageal ganglion) of an ion, in spite of the fact that the fibers in the ions are very similar in size to the fibers in the sons, whose spikes are readily recorded. Since the esophageal ion is a smaller diameter nerve, such spikes, if they existed, would probably have been seen. Second, stimulation of the esophageal portion of the ion never provokes an antidromic spike in ODl or in CD1 l Thus, we can be quite confident that the ion fibers of ODl and CD1 function without spikes, whereas their son counterparts conduct spikes. Indirect evidence that the ion fibers do not support spikes lies in the fact that we have shown them to be the mediators of effects (discussed below) that are not abolished by the blockage of axonal conduction in the ions.
Another possibility one could argue is that the activation of ODl and CD 1 takes place via another fiber synapsing onto them in the esophageal ganglion or at the son junction, and that these synapses are cobalt resistant. If this were the case, it would require that the other neuron involved function without spikes, since the effect remains when all spike conduction into the esophageal ganglion is blocked. However, the evidence is strongly against this possibility. Two types of controls indicated that other synpases were not functional in the 0 Ca*' + Co2+ saline. In addition, when the on was cut, removing many possible sites for synapses including all morphologically visible ramifications of both neurons, the activation of ODl and CD1 continued.
It thus appears extremely probable that the observed activation of ODl and CD1 in the absence of son input takes place via their own ion fibers, which function without spikes. The only remaining possibility is that the observed effect is due to an electrical synapse from a nonspiking fiber coming from the commissural ganglion. One argument against this possibility stems from the similarity of the effects on OD 1 and CDI, This suggests that the inputs to the two neurons arise from the same source, and that if the effects were are activated with the esophageal rhythm (recorded on an ion, 1, and vlon, 2). Note that the excitatory phase, causing spiking in both neurons, is followed by an inhibition (decreased membrane potential, arrows) simultaneously in both neurons. C: during perfusion with 0 Ca2+ + Co2+ (12 mM) saline, the activation of CD1 remains unchanged. D: preparation used for recordings in E and F. The two squares on ions indicate perfusion with sucrose or saline with TTX. E, F: CD1 continues to be activated with the esophageal rhythm when conduction of spikes in ions is blocked with sucrose (E) or 10m6 M TTX (F) (compare with control in B). In F, the small changes in the membrane potential of CD1 indicated by triangles result from esophageal bursts generated in the right commissural ganglion, whose activity is not shown here. The rhythm from this ganglion was slow and irregular and its effect was weak in this experiment. in fact due to electrical synapses in the if a single input fiber were electrically couesophageal ganglion, these would probably pled to both ODl and CDl, a weak coupling come from the same input fiber. However, should be seen between ODl and CD1 (un- less both such synapses were rectifying in the same sense), which is not the case. In addition, the presence of the nonspiking fibers in both of these neurons argues against this possibility. These fibers have no other apparent function and they traverse the required space to connect the neurons to the commissural ganglia. Nonspiking fibers have been described in a number of species. Such neurons are generally small (local neurons) and thus pose no problems for the electrotonic transfer of information (14) . In the case of ODl and CDl, however, the nonspiking fibers are on the order of 1 cm in length and serve to carry information between two ganglia, and not locally, as occurs in the nonspiking interneurons of insects ( 1-3, 15). Nonspiking fibers of similar length have been reported in only two other instances: the fibers of the stretch receptor in crustacean legs may reach l-2 cm in large species (4); the photic receptor of the barnacle lateral eye reaches a length of 11 mm (18). The crustacean stretch receptor can apparently conduct electrotonically over such distances by virtue of a high external membrane resistance and a large axon diameter (50 pm) (4); the barnacle fiber, with a diameter of only 15 pm, does so solely by means of its exceptionally high membrane resistance (18). The ion fibers of ODl and CD1 are approximately the size of the barnacle fibers, 1 cm long and 10 pm in diameter. We have not measured the resistance of the ion fiber membrane but would expect it to be very high. According to the theorectical calculations of M. Gola (personal communication), these fibers could not function without spikes unless they are endowed with a particularly high membrane resistance. Ultrastructural studies revealed no morphological features that might be correlated with such a high resistance.
A number of advantages of neurons functioning without spikes have been enumerated by Pearson (14) . These arguments, however, are valid primarily for neurons that function entirely without spikes, and particularly without spikes in the output branches. Until now this has been the case for all known neurons functioning without spikes. OD I and CD1 are unusual in having long nonspiking fibers that connect two ganglia and are only known to function as input branches; the output branches (on, son fibers) conduct spikes in a normal manner. Such a mode of functioning also confers a number of advantages. The effect mediated by the nonspiking fibers consists of both excitation and inhibition. Both kinds of information could not be carried within a single fiber using spikes as they can in a nonspiking fiber. ODl and CD1 are the first neurons in which it can be shown that both depolarization and hyper-
